Sympathetic neurons dissociated from the superior cervical ganglion of 2-day-old rats were studied by whole-cell patch clamp and by fura-2 measurements of the cytosolic free Ca2+ concentration, [Ca21],.
appearance of the N-type current (an effect akin to that of acetylcholine, but irreversible), whereas guanosine 5'-[fithio]diphosphate and pertussis toxin pretreatment prevented the acetylcholine-induced inhibition. In contrast, cAMP, applied intracellularly together with 3-isobutyl-1-methylxanthine, as well as activators and inhibitors of protein kinase C, were without effect. Acetylcholine caused shortening of action potentials in neurons treated with tetraethylammonium to partially block K+ channels. Moreover, when applied to neurons loaded with the fluorescent indicator fura-2, acetylcholine failed to appreciably modify [Ca2+]1 at rest but caused a partial blunting of the initial [Ca2+] , peak induced by depolarization with high K+. This effect was blocked by muscarinic antagonists and pertussis toxin and was unaffected by protein kinase activators. Thus, muscarinic modulation of the N-type Ca2+ channels appears to be mediated by a pertussis toxin-sensitive guanine nucleotide-binding protein and independent of both cAMP-dependent protein kinase and protein kinase C.
In various cellular systems the function of voltage-gated Ca2l channels is known to be modulated by intracellular events [phosphorylations by cAMP-and cGMP-dependent protein kinases (1) (2) (3) , and protein kinase C (4, 5) ] triggered by the activation of the receptors for various neurotransmitters [e.g., norepinephrine, y-aminobutyric acid, serotonin, adenosine, and acetylcholine (AcCho) (6) (7) (8) (9) (10) (11) (12) (13) ]. Studies carried out during the last few years have shown that Ca2+ channels are heterogeneous. In sensory neurons of the chicken dorsal root ganglion (DRG), three types of channels (L, N, and T) have been identified that differ in their unitary conductance, voltage dependence ofactivation, and kinetics of inactivation (14) . Because of their different properties, these channels may play different physiological roles, and it is therefore important to know whether or not all of them are the target of specific modulations. The work reported so far has demonstrated the selective modulability of both the L and T channels (10, 13) . To our knowledge, no selective modulation of N-type Ca2l channels has been reported. We now report evidence, from whole-cell patch clamp and fura-2 measurements of cytoplasmic free Ca2l concentration ([Ca2+]1) in single neurons ofthe rat superior cervical ganglion (SCG), for the inhibitory modulation of a Ca2+ current that markedly resembles the N current described in chicken DRG neurons. This modulation, triggered by AcCho via the activation of a muscarinic M1 receptor, is fast, selective, and reversible and leads to the blunting of the initial rapid phase of the depo- were from Boehringer Mannheim (Federal Republic of Germany). Fura-2 and fura-2 pentakis(acetoxymethyl) ester were from Molecular Probes (Junction City, OR). Affinity-purified pertussis toxin, 2.5S nerve growth factor, and the protein kinase C inhibitor H-7 were kindly provided by R. Rappuoli (Sclavo, Siena, Italy), P. Calissano (Consiglio Nazionale delle Richerche Center for Cell Biology, Rome), and H. Hidaka (Mie University, Edobeshi, Japan), respectively.
Tissue Culture. SCG were dissected from 2-day-old Sprague-Dawley rats and dissociated with collagenase and trypsin (0.1% and 0.05%, 1 hr, 370C). Neurons for patchclamp studies were seeded into 35-mm tissue culture dishes; those for fura-2 measurements were attached to glass coverslips coated with poly(L-ornithine). Cultures were incubated for 24-48 hr in Leibovitz' L-15 medium supplemented with vitamins, nerve growth factor (50 ng/ml), rat serum (5%), gentamicin (80 ,ug/ml), and 1-8-D-arabinofuranosylcytosine (10 ,uM clamp technique. Unless otherwise indicated in text and figure legends, the external standard solution contained 130 mM NaCl, 5 mM CaCl2, 2 mM KCl, 10 mM Hepes (pH 7.4), 5 mM glucose, 1 ,uM tetrodotoxin, and 0.5 mM hexamethonium. The pipette solution contained 120 mM CsCl, 20 mM tetraethylammonium, 2 mM MgCl2, 2 mM Na2ATP, 20 mM creatine phosphate, 50 units of creatine kinase per ml, 0.1 mM GTP, and 10 mM Hepes (pH 7.4). Little decrease of the Ca2+ current was observed under these conditions (8) during the first 10-20 min of recording at a sufficiently low stimulation rate (0.1 Hz). Extracellular solutions were delivered through a four-channel capillary (inner diameter 0.4 mm) positioned in the vicinity of the cell under study. When drugs were used intracellularly, they were loaded from the back of the pipette; a drug-free solution was used to fill the pipette tip. This procedure permitted testing of current with time both before and after intracellular diffusion of drugs (i.e., within 2 min and from 10 to 20 min after the mixing of the two pipette-filling solutions). Hydrophobic OleAcGro and PBt2 were dissolved in the extra-and intracellular media either by mixing (without and with subsequent sonication for six 10-sec cycles, in ice) stock solutions of the drugs in dimethyl sulfoxide with the media (final dimethyl sulfoxide concentration, 0.1%) or by exteflsive Vortex mixing of the media in tubes where chloroform solutions ofthe compounds had been evaporated. Currents were recorded, after analog filtering (1-2 KHz), on a video tape (type 725, JVC) through a PCM (701ES, Sony) processor interfaced to a personal computer (M24, Olivetti).
Single-Cell Fura-2 Measurements of [Ca2+Jj. Neurons attached to polyornithine-coated coverslips were loaded with fura-2 for 60 min at 15°C in a medium containing 140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1.2 mM MgSO4, 1.2 mM K2HPO4, 25 AcCho, ,uM rons revealed typical, depolarization step-induced Ca2+ currents. In neurons depolarized to +10 mV from a holding potential of -70 mV, this current was maximal immediately after a voltage step and was inactivated progressively thereafter ( Fig. 1 Upper Left). The degree of such inactivation varied among cells [35 ± 16% inactivation within 80 msec (mean ± SD, n = 45)]. These currents changed markedly within 2-5 sec after the application of AcCho, which caused the disappearance of a rapidly inactivated component. Thus, immediately after the voltage step, the current was clearly reduced, whereas 80 msec later it was hardly different from that observed before AcCho addition. Inhibition by AcCho disappeared within 15 sec of washing. Nowycky et al. (14) reported that Ca2+ currents in DRG neurons of the chicken are due to at least three different types of channels (T, L, and N channels) that differ in conductance, voltage dependence of activation, and kinetics of inactivation. In the present study, no trace was found of T channels in SCG neurons (10, 17) . In contrast, our results suggested the coexistence of a long-lasting and a transient component that may correspond to L and N channels. In order to characterize these two components and investigate the effect of AcCho on either of them, it was important to find conditions under which only one channel is activated. The procedure used in DRG neurons (14)-i.e., depolarization from different holding potentials-proved to be impractical in SCG neurons because the two components showed similar steady-state inactivation. Also, the inhibition by AcCho remained when Ca2+ currents were elicited from holding potentials ranging from -100 to -25 mV (data not shown). In contrast, discrimination was adequately achieved by depolarizations to different test potentials, as we found that in SCG (at variance with DRG) neurons the threshold of activation ofthe long-lasting current (i.e., the component that remains active after 80 msec) is about 20 mV more negative with respect to the transient component [estimated from the difference between peak (o) and long-lasting current (*) in the current-potential (I-V) plot of Fig. 1 Lower Right]. This finding is illustrated also in Fig. 1 Upper Right, where a Ca2+ current activated at low test potential (-20 concentrations up to 100 /iM (n = 3), showed no effect on Ca2+ currents either before or after application of AcCho.
These results tend to exclude the involvement of both cAMP-dependent and C kinase in the AcCho-induced modulation of Ca2" currents. from cell to cell (628 ± 323 nM, n = 23) but highly reproducible (-10% variation) in up to three (n = 4) successive depolarizations of the same cell, delivered after 5 min of washing. Following the initial transient peak, [Ca2+]i dropped to a slowly declining plateau (average around 400 nM) that was maintained for >10 min, and returned to the resting level after washing (Fig. 4) . Application of AcCho (100 uM) to SCG neurons had no appreciable effect on resting [Ca2+I, (Fig. 4) . In contrast, in 8 of 10 cells, AcCho caused a clear inhibition (33 ± 13%) of the initial transient peak, with no effect on the subsequent plateau (Fig. 4) . Effect on Action Potentials. Inhibition of Ca2+ currents by AcCho could be revealed also by studying action potentials under conditions in which K+ currents are partially inhibited (Fig. 3) . Current-clamp studies were carried out in the presence of hexamethonium, but not tetrodotoxin and Cs+. The prolongation of the action potential seen with tetraethylammonium (<10 mM) was drastically reduced by AcCho, in an atropine-sensitive fashion (Fig. 3 Lower Left). This effect of AcCho was entirely mediated by its modulation of Ca2+ currents, since it was eliminated by Cd2+. The shortening and the incomplete repolarization of the action potential in response to either AcCho or Cd2+ (Fig. 3 (14) . Such nonidentity could be simply due to differences ofboth the cell systems (rat SCG vs. chicken DRG neurons) and the experimental conditions (especially temperature, 34°C vs. 22°C). Selective modulability by neurotransmitters has been reported for L-and T-type channels (10 (29, 30) , the nature of this G protein remains undefined. The G protein could act by inducing either the generation of a second messenger other than cAMP and diacylglycerol or the direct inhibitory coupling of the receptor and channel molecules in the plane of the membrane (21, 31 (12) and neostriatal (13) neurons. Recently, it has been suggested that N channels are located preferentially in the presynaptic membrane and are involved in the regulation of neurotransmitter release (32) , a process known to be negatively controlled by presynaptic muscarinic receptors (13, 33, 34) . The inhibition of N-type channels reported here provides a tentative explanation for these results, although a final demonstration requires the direct, electrophysiological investigation of the presynaptic membrane, which at the present time is still precluded.
